An adiabatic so luti on calo rime te r was used for measuring e ntha lpi es of solution in wat e r of seven sa mples of cytos ine for whi ch a na lyti cal data are give n.
Introduction
Thi s is the third in a series of pape rs [1 , 2]t describing the measuremen ts of en thalpies of solution of the bases of th e nucleic acids with emphasis on the c haracte rization of th e samples as an aid in establi shing un certaint y limits for the measured values. The first paper in this series described III detail the general procedures which we re also followe d in this work.
Enthalpy of solution measurements are re ported here for four samples of cytosi ne from co mm e rc ial sou rces as rece ived and for th ree samples whic h we re furl he r purified by sublimation and by recrystallization from water and from e th yl Cy tos ine, a pyrimidine base, is sli ghtl y solubl e in water at 298 K (8.5 g. L-1 [3))2, and sublimes and decomposes before melting. It has the followin g structural formula [5]:
These samples we re all finely divided white powders and the re was no visibl e difference in their appearance, The e nthalpy of solution measurements were mad e on the sampl es as rece ived or after vacuum drying.
The following samples we re purified from Cyt 3 in this laboratory:
Cyt 3a and b were twice recrystallized as d esc ribed for Thy 3a a nd b [2] . For Cyt 3a, 20 g was dissolved in 0.25 L of boiling distill ed H20 with activat ed c harcoal as a d ecolorize r; it was then filtered and slowly cooled. The yield from a second crystallization wa s 6.9 g. For Cyt 3b, 10 g was di ssolved in 0.5 L of boiling 90 perce nt eth yl alcohol , activat ed charcoal was added , the sulution was filt ered and sluwly cooled. The yield from a second crystallization was 7.9 g. Cyt 3d. This was the product of vac uum-sublimation as desc ribed [1] for Ad e I e and 5c exce pt that the maximum temperature here was about 475 K. The sub limati on was stopped after 4 days although on ly about one-half of the 5 g samp le had sublimed. The product was removed from the sublimation vessel in a glove box co ntaining an H20 absorber, and all subseque nt manipulations of this subl imat e we re pe rformed in the glove box. Cyt 3e. This was the unsublimed res idue from sublimation of Cyt 3d. The res idue had a brown discoloration of the portion in contact with the glass vessel which was evidence of apparent decomposition .
Characterization of the Samples
The purity of cy tosine could not be determined from melting-te mperature measurements because it decomposes before meltin g. The refore, it was necessary to search for impurities and to characterize as completely as possible the 3 The inform ati on presente d in thi s paper is in no way int e nd ed as an e ndorse me nt nor a condem nati on of an y of the mat erials or servi ces used. Commerc ial sources are named only for specific identificati on. samples on whi ch e nthalpies of solution were me asured a s an aid in the assignment of un certa inty limits for the measured values.
In this laboratory densities were dete rmin ecl by displace-,. ment , volatile matter by vacuum drying, H2 0 by Karl Fi sc her titrations, and other impurities by pape r and thin layer chromatography (TLC). Other laboratori es co ntributed anal-~ yses of th e elemental composi ti ons, emi ssion s pec tra, x-ray diffraction patterns, and the mea sureme nt of th e heat capacit y of the crystalline cytosine.
Density, Volatile Matter, and H20
The densities of two of the cyto sine samples were measured by a benzene displacement method; details of the me thod have bee n desc ribed [1] . Duplicate density measurements were: for Cy t 1, 1.475 and 1.491 g' mL -I, and for Cy t 3, 1.418 and 1.388 g·mL-I. The mean value of (1.44 ± 0.08) g' mL -I was used in calculating the buoyancy factor, 1. 0007, for the cy tosine mass corrections in this work.
The volatility and hygroscopicity of the cytosine samples we re determined from changes in mass after vacuum-dryi ng ' C (see [1] for details) and exposure to atmospheric moisture (-35% relative humidity). The samples, contained in aluminum moisture dish es, we re vacuum-dried 4 hours and weighed, then dried again for 2-h interv als and weighed , until the total drying time was 10 to 14 hours, At 340 K, samples of Cyt 1 (1, 2, and 3 g) had reached constant mass after 4 h with a loss of O. 5 mg' g-I. The 3-g sample was then exposed to the atmosphere before drying at 375 K along with 3-g samples of Cy t 2, 3 , and 4; the losses we re 1. 6, 2.9, 2.8, and 4.4 mg' g-I, respectively, and they were at constan t mass after abou t 6 hours of drying. This sample of Cyt 4 was exposed to the almosphere for 64 hours and gained 1.2 mg' g-I, but there was no further gain in mass after an additional 30 hours exposure to the atmosphere . This agrees with the findings of Falk [7] that cytosine does not form hydrates even at 93 percent re lative humidity, When this sample was vacuum dried for 2 hours at 375 K, it again returned to the same constant mass as before, Agai n exposure to the atmosphere resulted in the following gains in mass in mg' g-I: 0.1 after 1 min , 0.6 aft er 10 min, 0.9 after 25 min, 1. 0 after 40 min, and 1.2 after 18 hou rs; thus, one-half of the mass increase occurred during the first 10 min and the mass at equilibrium with the a tmosphere was reproduced. This sample was then included in observations of mass changes after relatively long periods of vacuum drying at 375 K; samples of Cyt 3a and b and Thy 2 and 4 [2] were heated ~ simultaneously. Cyt 3a and b had prev iously been dried at 340 K at atmospheric pressure and reached constant mass. After 24 hours of vacuum drying at 375 K, they each lost about 0.7 mg' g-I; and the masses remained essentially constant for an additionalllO hours of drying. As previously re ported [2] , Th y 2 and 4 were losing mass at the ra te of 600 and 100 p,g ' g-l . h-1 , respect ively. The sa mple of Cyt 4 whi c h had prove n stable durin g th e vacuum heati ng lost onl y .. about 0. 1 mg ' g-l during 30 hours of continuous vacuu m heating, but then surpri singly bega n to ga in mass: 1. 6 mg ' g-l after 22 hours, and add iti onal 1.3 mg ' g-I after the ... next 22 hours, and finall y a ga in of about 4 .5 mg' g-I a ft er a total of 130 hours. When th e two th ymine sa mples we re re moved from the ove n, th e ga in in mass of Cy t 4 cea sed . It > is assumed that the th ymine sa mples we re sublirning onto this cytosine sample. Howe ve r, it is not understood why it was apparently se lec tive; Cyt 3 a and b were in cy lindrical glass weighin g bottles whil e th e Cyt 4 , Thy 2, a nd Th y 4 we re in aluminum moisture di shes, a nd onl y th e Cyt 4 sample showed th e ga in in ma ss . "
From these observa ti ons it is co nc luded tha t cy tos ine is essentiall y non-hygroscopi c an d th a t th e vo latil e matt e r, presum ed to be H20 , is (in mass % ): Cyt 1, 0. 16; Cy t 2, 0.29 ; Cy t 3 , 0. 28; and Cyt 4, 0 .44.
Karl Fi sc her titrati ons for H20 in Cyt 1, 2, 3 , a nd 4 , indicated 0 .26 , 0.3 1, 0.33, a nd 0.43 mass perce nt , respectively. (See [2] fo r de ta ils of the procedure .) The cytosine samples dissolved complete ly in the methanol so lve nt, and the values re prese nt th e total H20 in th e sa mples. These results are in good agreement with those obta ined for volatile matter. Co rrecti ons to th e calorimetric da ta fo r H20 in the sample use the mea n of the titrati on results a nd the volatile matter measureme nts, namely, 0 .2 1 mass pe rce nt for Cy t 1; 0 .30 , for Cyt 2; 0 .30, for Cyt 3 ; and 0 .44, for Cyt 4 . The other samples had bee n vac uum dried and required no corrections for H20.
.1.. Other Analyses
The e mi ssion spectra for Cy t 1, 2, 3, a nd 44 showed no impurities beyo nd the bac kgro un d lim its listed for adenine
The results of duplicate elemental analyses of Cyt 1, 3, and 3a are given in table 1. Within the estimated acc uracy of 0 .2 perce nt for each determination, the analyses for all three samples correspond to the composition of a nh ydrous cytosine, except the C and 0 in Cyt 1 and the 0 for Cy t 3 whic h are a little high , and the N fo r Cyt 3 which is a littl e low. However, none of the analytical values are close to the theoretical composition of the hemih ydrate (the catalog for Cyt 1 had listed the material as the hemi hydrate). Since the samples are anhydrous, no significan t e rro r in the enthalpy of solution ca n be attributed to the prese nce of h ydrates of cytosine.
Stirred solutions of Cy t 1 and of Cyt 3 {1 5 mmol· kg-I) in equilibrium with a ir (as in the calorimetric solu tions) we re at , pH 6. 4 ± 0.1. The pH mete r was cali brated with a sta nd ard 4 Analyses by J. A. Norris, Ce nter fo r Analyti cal Chemi stry , Nati ona l Measure me nt \ Laboratory , Nati ona l Bureau of Sta ndards. buffer at pH 7. 00 a nd chec ked at the e nd of the mea surements. The procedures followed in our pa pe r a nd thin -laye r (TLC) chroma togra phy wo rk and the obse rva ti ons rega rding bac kgro und s a nd sens iti vity hav e bee n previous ly d isc ussed in de ta il [1]. R f va lues obta ined for the four comme rc ial cytosine sa mpl es as received are compared in table 2 with th ose re ported in th e Nati onal Acad emy of Sc iences (NAS) publica ti on [8] . Ou r values have in ge neral te nded to be some wh at hi ghe r tha n th ose of NAS; thi s is probabl y d ue to cl iffere nces in labora tory te mperature or other expe rim e ntal co nditions .
The estima ted unce rta inty in read ing th e chromatogra ms is ±0.02 R f uni t. Within this un cert.a inty, the cytosine sam pl es li sted in table 2 showed no s ignifica nt diffe re nces in any of the soluti ons and no spots other than tha t of th e major com pone nt were visible. Therefore, it is concl uded tha t th e fou r cy tosin e sa mples are of eq ual pu rit y (probably 95% or more) within the limi ts of c hromatographic detec ti on.
.3 . Calorimetric Characterization
The heat capacities at 298 K of two of our crystalline samples were measured by Emesto F riere us in g a drop mi crocalorimeter at the Uni ve rsity of Virgini a . Hi s va lues we re reported as (1.197 ± 0 .004) J . g-I . K-' for Cy t 1 a nd (1.188 ± 0.004) J. g-l. K-' for Cyt 3 [9] . T he mea n va lue is
Enthalpies of Solution
The en thai pies of so lution in H20 of four co mmerc ial samples of c ytosine as received a nd prod ucts of recrystallization and of s ublimation were measured in the platinumlined adiabati c solution calorim eter which has been previously described in d etail [10, 11] . The solution volume was approximately 300 mL and the capac ity of the platinum sample holder [10] was 0.7 or 3 .0 mL depending on which of two interchangeable cylinders was used. Measure ments we re a Two sizes of sample holder cyli nde r s were used ; t he vol umes a re 5 -0.7 mL and L " 3.0 mL. made over the tempe rature ran ge, 298 K to 324 K, and the concentration range, 1.5 to 35 mmol· kg-I. The e ndothe rmi c reactions of cytosine in H20 were mod era te ly rapid (-30 i:!l min) at 298 K if the samples we re loose ly pac ked in th e sample holder, however, some of th e reactions required more than two hours. In most experiments a moderate stirring rate, r 550 revolutions per min , was used.
Detailed descriptions of the sampl es and th e ir a nalyses are l given in section 2. All calorimetri c samples were tran sfe rred r to the sample holder in th e labo ratory atmosphere except th e product of sublimation, Cyt 3d. The general calorimetri c procedures and methods of calculation have been desc ribed [10, 11] . The elec trical energy equivalen ts of th e initial and final syste ms we re measure d in each experime nt. In expe rim ent s whe re the heat abso rbed ~ during th e end othe rmi c reacti on was expec ted to exceed lOO J, preci se ly measured e lectri cal ene rgy was added durin g th e reaction to preve nt a dec rease in the vesse l te mpe rat ure and a loss of adiabatic conditions ; if less than 100 J of heat was absorbe d, the stirring e ne rgy was suffi c ie nt to maintain th e calorimete r tempe rat ure .
The calorime te r temperature was measured with a quartzoscillator reaction. The estimated calorime tri c uncertaint y for an experime nt, Cal. Unc., is based on the duration of the reaction, the magnitude of the temperature cha nge from th e reaction , and th e stand ard deviation of the slope of th e rating pe riod followin g the reac tion (see [1] for details). The heat of the solution reacti on, Qreac lio,,, is given by th e following equation:
wh ere the elec tri cal energy equivalents (in J . K-I) of the initial and fin a l sys tems a re E; a nd Ef, the temperature c hange due to th e so lution reaction is 6. Treacl , and th e heat of vaporization of wat er into th e air s pace in th e sampl e holde r upon ope nin g IS q va p' 6. T" cac l 6. l' E It( E; ; Ef) -I whe re 6. l' (not g iven in tabl e 3) is the net te mperature change resulting from th e e ndoth ermic solution reaction and th e e lectri ca l e ne rgy added, Elt. qvap No . 12 15 whi ch was rejected a nd not included in table 3.) A least squares fit of these 10 points to a linear equation gave a s lope of 76.4 J . mol-I. K-I; the sta nd ard error was 9.5 J · mol-I . K-I. Thus in the range, 298 K < T < 324 K 6. Cp = (76 ± 21) J. mol-I. K-I. This was used to calc ulate the corrections to l' = 298.15 K give n in tabl e 3 whi c h we re added to 6.H1II (1') to obtain the enthalpy of solution at the standard temperature, 6.H 1/1(298.15 K) .
A plot of these values given in th e last column of table 3 versus the concentration of the final solutions is shown in figure 2 . The points representing various samples are distinguished by diffe rent symbols. The estimated calorimetri c uncertainty for the experiment is equal to the radius of a c ircle (or a circle circumscribed by the other geo metri c figures) . The straight lines shown were obtaine d from th e fits of the data points by the me thod of least squares; the solid lines are from the fits of only the points for Cyt 3A (open c ircles) with 7 points below and 9 points above 9 mmol' kg-I, and the broken lines are fro m the fit of all 14 points below and 19 points above 9 mlllol· kg-I. The linear equation s obta ined a re as follows (in kJ· mol -I):
Cy t 3a, >9 mlllol· kg-1 All sample s, > 9 mmol· kg-I 
where C is the concentration in mmol ' kg-1 and the unce rtaintie s are the standani de viation s. In figure 2 it can be seen that ge ne rally above 9 mmol· kg -I the values for Cyt 3a are large r than those for the other samples. This ma y indicate that impurities we re remove d in the recrystallization from H20 . There is some evidence of inhomogen eit y in th e two low values at 23 and 24 mmol' kg -I. There appears to be no significant differe nce be tween the 544 values with Cyt 3 (filled c ircles) and those with sublimate, Cyt 3d (right half-filled circles) . The spread of the data in figure 2 is larger than the estimated calorime tric uncertainties which suggests inhomoge neit y in the samples .
The rea son for th e change in the slope of th e lin es near the concentration , 10 mmol' kg-I, shown in figure 2, is still not understood. The first supposition was that a protonation was completed at that concentration. Howeve r, Izatt et al [5] indicate N3 protonation of cytosine at pK = 4 .6 and t::..H (298.1 5 K) = -5. 14 kcal ' mol-I, an exothe rmi c reac tion whi ch would be more compl ete as the conce ntration decreases, hence, the value for th e e ndothermic e nthalpy of solution should d ecrease a s the con ce ntra ti on d ec reases; in figure 2 , the opposite is obse,·ve cl. The possibility of the removal of the N I proton from cy tos ine in aqueous solution (pH = 6.4) is very unlikely s ince pK for the reac tion is 12.15 [5] . The remaining possibility is an exothermic sid e reaction occurring at the lowe r conce ntration s.
Our pre viou s experience with tris(hydroxymeth yl)aminome thane gave e vide nce of an exothermic side reaction und er some condition s in the pre sence of CO2 and O2 [11] . It was suspected , but not proven, that the amino group was involved Plot showing the relationship of concentration and the enthalpy of solution of cytosine in H 2 0 at 298 ./5 K using various samples distinguished by different symbols.
The solid lines result from a least squares fit of th e data for only Cyt 3a above and below 9 mlllol· kg-I, and th e dashed lines, for all points above and below 9 mmol' kg-I. The es tim ated ca lorimetri c un certaint y (see tex t) is equal to the rad ius of a circle (or a circle circumscribed by th e oth er symbols).
in the side reaction. Cy tos ine also has an amino group which could partic ipate in a similar reac tion with the CO2 and O2 in equilibrium with the distilled H20 used for the ca lorimetri c solution. The re latively small quantity of CO2 dissolved in the H20 could reac t with the cytos ine until the solution was depleted of CO2 , the n at highe r concentrations the side reaction would continue only with CO2 drawn through limited access from the atmosphere. This would account for the sharp increase in the enthalpy of solution as the concentration decreases. It is also interesting to note that plots comparable to figure 2 for thymine (in the preceding work) and for uracil (in the subsequent work) show no change in the enthalpy of solution with conce ntration. The structure of th ymine and uracil are similar to that of cy tosine except that they have an oxygen atom in place of th e am ino group (thymine also has a me th yl group in place of a hyd rogen). Thus, a side reaction with the am ino group in cytosine is a possible but not a proven explanation for th e c hange in slope at the lower conce ntrations as show n in figure 2.
The inc rease in the e nthalp y of solution of cytosine in H20 below 10 mmo]' kg-I ( fig. 2 ) must be the result of an unidentified sid e reaction rather than an ionization. The 545 exothermic heat e ffec t of this side react ion at infinite dilution is tak e n as the differe nce betw een the intercepts for eq uation s 
Discussion and Summary
Larsen and Magid [6] reported the only direct measurement of the enthalpy of solution of cytosine in water prior to this work. No information about the purity of the sample or the concentrations at which th e ir measurements were made was given in the paper or the supplemental material. The 20 percent discrepancy between their value, (21. 55 ± 0.25) kJ· mol-I, and ours is probably due primarily to the apparent side reaction discussed at the end of the previous section. Our values above 9 mmol· kg-1 agree with their value within about 2 percent.
Scruggs, Achter, and Ross [3] calculated the enthalpy of solution of cytosine in the saturated solution at 335 K, 32.09 kJ . mol -I, from their solubility measurements; using our value for de p, we obtain 31.17 kJ· mol-1 at 298 K. With our equation (2) we calculate dH (298.15 K) = 21. 75 kJ'mol-1 at saturation, 76 mmol' kg-I; then correcting for the side reaction, we obtain 26.85 kJ· mol-1 which is about 14 percent smaller than the value of Scruggs et al.
Our measurements with various samples of cytosine showed differences of several percent in the enthalpies of solution, and yet our analytical data could not explain these differences. Until measurements can be made with cytosine samples whic h are known to be of higher purity than ours, the value for the enthalpy of solution of cytosine in water at infinite dilution is taken as dHO (00,298.15 K) = (27.2 ± 4.0) kJ· mol -I.
The change in the heat capac ity of the reaction with temperature at (24 ± 2) mmol· kg-1 is 298 K < T < 324 K.
Because of the side reaction this may not apply to low conce ntrations.
Other useful thermodynamic data may be derived from these values. Scruggs, et al. [3] measured the solubility of cytosine at 277.8 K and at 309.8 K. Assuming linearity · ... be tween these temperatures, we calculate 76 mmol· kg-1 as the solubility at 298.15 K; the estimated un certainty is 5 percent. Then dGO (298.15 K) = -RT en m = (6.4 + 0.3) kJ· mol-1 and The uncertainty for the entropy value is the sum of the uncertainties on dHo and dGo divided by 298 K.
The density of cytosine was measured at approximately 295 Kas(1.44 ± 0.08)g·mL-I.
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